defects in membrane trafficking (reviewed in refs. [18] [19] [20] . In NP-C disease, high levels of unesterified cholesterol and certain SLs accumulate in cells as a result of defects in the NPC1 or NPC2 proteins (21, 22) . Several years ago, our laboratory found that a fluorescent LacCer analogue is targeted to the Golgi complex in normal HSFs, but accumulates in endocytic structures in numerous SLSD cell types (23) (24) (25) . This alteration in GSL targeting is a result of elevated intracellular free cholesterol and can be abrogated by cholesterol depletion of SLSD fibroblasts, or can be induced in normal HSFs by elevation of cholesterol (26) . Thus, GSL trafficking patterns can be used to identify lipid storage disease cells and to monitor intracellular cholesterol levels. Interestingly, the perturbation of Golgi targeting in SLSD fibroblasts is restricted to GSLs such as LacCer, which are internalized by caveolar endocytosis (11) .
Since relatively little is known about the itineraries of molecules internalized via caveolae, and since intracellular targeting of GSLs is dramatically altered in SLSD fibroblasts, we decided to study the itineraries of GSLs in normal and NP-C fibroblasts. Using normal HSFs, we first showed that GSLs internalized via caveolae are targeted to the Golgi apparatus by a pathway dependent on microtubules and phosphoinositol 3-kinase (PI3K). We then used cells overexpressing several wild-type (WT) or dominant-negative (DN) Rab proteins, small GTPases involved in vesicle trafficking (reviewed in ref. 27) , to further dissect GSL transport. We demonstrate that in normal HSFs, GSLs internalized via the caveola-related mechanism are targeted to the Golgi apparatus by a process dependent on Rab7 (which mediates early to late endosome, and late endosome to lysosome transport) and Rab9 (which is involved in late endosome to Golgi transport), but are independent of Rab11 (which regulates recycling endosome to plasma membrane transport). An unexpected and important finding of our study is that overexpression of WT constructs of Rab7 or Rab9 in NP-C cells not only corrected the LacCer trafficking defect, but also reduced the accumulation of intracellular cholesterol associated with this SLSD cell type. This latter finding suggests that modulation of vesicle trafficking along the endocytic pathway should be considered as a potential approach for treatment of SLSDs.
Methods
Cell culture. Normal HSFs (GM-5659D) and NP-C fibroblasts (GM-3123) were obtained from the Coriell Institute for Medical Research (Camden, New Jersey, USA) and cultured in Eagle's MEM (EMEM) plus 10% FBS as described (24, 26) .
Lipids and miscellaneous reagents. BODIPY-ceramide (BODIPY-Cer) and fluorescent transferrin (Tfn) were from Molecular Probes Inc. (Eugene, Oregon, USA). BODIPY-LacCer was synthesized as described (9) . Filipin was purchased from Polysciences Inc. (Warrington, Pennsylvania, USA), Nile Red from Eastman Kodak (Rochester, New York, USA), and rhodamine-labeled cholera toxin B subunit (Rh-CtxB) from List Biological Laboratories Inc. (Campbell, California, USA). Unless otherwise indicated, all other reagents were from SigmaAldrich (St. Louis, Missouri, USA).
Wortmannin, nocodazole, and LY294002 treatment of cells. HSF cultures were washed in HEPES-buffered MEM (HMEM), and incubated for 30 minutes at 37°C with 33 µM nocodazole, 100 nM wortmannin, or 20 µM LY294002. Samples were then washed and incubated with BODIPY-LacCer (see below), using a 40-minute chase period. All incubations were in the presence of inhibitors.
Plasmid construction. Rab7, Rab9, and Rab11 constructs (IMAGE Consortium clones 1931993, 789290, and 1668011, respectively) were obtained from the American Type Culture Collection (Manassas, Virginia, USA). The full-length cDNAs for the different Rab's were amplified, and a BamHI restriction site was introduced upstream of the start codon. DN mutants Rab7T22N, Rab9S21N, and Rab11S25N were generated by PCR using the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, California, USA). The PCR-amplified fragments were inserted in-frame into the BamHI site in the polylinker of the expression vectors pcDNA3.1 (Invitrogen Corp., Carlsbad, California, USA), pEGFP-C1, or pDsRed1-C1 (CLON-TECH Laboratories Inc., Palo Alto, California, USA). Integrity and directionality of the constructs was verified by restriction digestions and DNA sequencing at the Mayo Clinic Molecular Biology Core Facility.
Transfection, expression, and characterization of Rab fusion proteins. Transient transfections were carried out using FuGENE 6 (Roche Diagnostics Corp., Indianapolis, Indiana, USA). Cells were incubated for 6 hours with the transfection reagent and DNA mixture, washed, and further incubated in EMEM plus 10% FBS for 24-48 hours at 37°C. The transfected cells were identified by EGFP or DsRed fluorescence.
Rab fusion proteins were characterized as follows: (a) [ 32 P]GTP overlay assays were performed as described (28) . Briefly, cell lysates were prepared as described (29) and extracts containing 50 µg of total cellular protein were resolved on 12% polyacrylamide gels and transferred to nitrocellulose filters. The level of expression of the different Rab constructs was evaluated by Western blotting using antibodies against Rab, GFP, or DsRed (CLON-TECH Laboratories Inc.). Following autoradiography, the blot was stripped of 32 P and redeveloped using polyclonal anti-Rab7 (1:100 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), anti-Rab9, or antiRab11 antibodies (10 µg/ml; Becton, Dickinson and Co., Franklin Lakes, New Jersey, USA). The blots were then incubated with secondary antibody conjugated to horseradish peroxidase and the bands were visualized using an enhanced chemiluminescence system (PerkinElmer Life Sciences, Boston, Massachusetts, USA). (b) [ 125 I]EGF degradation was carried out as described (30) . Briefly, HSFs were incubated with 0.5 µCi/ml of 125 I-EGF for 10 minutes at 37°C in HMEM containing 0.1% BSA. The cells were then washed in cold HMEM and incubated for 30 minutes at 37°C. Cell lysates and extracellular medium were collected and precipitated with trichloroacetic acid (TCA). The extracellular TCA-soluble radioactivity was calculated as a percentage of the total counts associated with cells after the initial 10-minute pulse. (c) For the Tfn internalization assay, HeLa cells grown on glass coverslips 35 mm in diameter were transfected 48 hours before the experiment. Cells were then incubated for 1 hour at 37°C in serum-free medium containing 15 µg/ml of AlexaFluor 488-Tfn (Molecular Probes Inc.), then washed, acid stripped to remove surface-bound Tfn, and fixed with 4% formaldehyde.
Incubations with BODIPY-SLs, fluorescent CtxB, and immunolabeling of cells. BODIPY-LacCer or BODIPY-Cer was complexed to defatted BSA as described (9, 31) . Cells were incubated for 30 minutes at 4°C with 2.5 µM BODIPY-LacCer/BSA, washed twice with 10 mM HMEM, and incubated for another 30-60 minutes at 37°C (see figure legends). Fluorescent SL present at the PM was then removed by back-exchange using 5% defatted BSA in HMEM without glucose (6 times, 10 minutes each, at 10°C) (9, 26, 31) . For immunofluorescence experiments, cells were fixed with 3.2% paraformaldehyde in Dulbecco's modified PBS for 30 minutes at room temperature, quenched with 25 mM glycine in PBS for 15 minutes at room temperature, permeabilized with 0.05% Triton X-100 in PBS for 2 minutes at room temperature, and further incubated in blocking buffer (10% horse serum in PBS) for 30 minutes at room temperature. The cells were then incubated for 1 hour at 37°C with rabbit anti-TGN38 (1:2,000 dilution) provided by M. McNiven (Mayo Clinic, Rochester, Minnesota, USA) or rabbit anti-mannosidase II (1:1,000 dilution) provided by M. Farquhar (University of California at San Diego, San Diego, California, USA). Next, the cells were washed three times in PBS and incubated for 1 hour at room temperature with Texas red-conjugated secondary antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA), and then washed five times in PBS. The coverslips were mounted in SlowFade (Molecular Probes Inc.).
Cells were incubated with Rh-CtxB for 30 minutes at 4°C, washed, and incubated for another 2 hours at 37°C prior to fixation. Filipin staining (32), NPC1 immunofluorescence (32) , and BODIPY-Cer labeling (33) were performed as described. For Nile Red staining (34), cells were fixed for 30 minutes with 3% formaldehyde after 36 hours of transfection. Samples were then treated for 5 seconds with ice-cold PBS containing 0.05% Triton X-100, washed, and further incubated with 100 nM Nile Red in PBS for 10 minutes. Nile Red fluorescence was detected at red wavelengths and quantified by image analysis.
Fluorescence microscopy. Fluorescence microscopy and image analysis were performed as described (11, 31) . Filter sets and exposure times were chosen to eliminate spillover between microscope channels in double-label experiments.
Results
Internalized BODIPY-LacCer accumulates in the Golgi apparatus of normal HSFs. When HSFs are incubated with BO-DIPY-LacCer at 4°C, only the PM becomes labeled (11) . However, shifting the temperature to 37°C results in internalization into endosomes (11) , and by 15-45 minutes, fluorescence begins to accumulate at the Golgi complex. Double-label experiments using the LacCer analogue and antibodies against mannosidase II (Figure 1a) or TGN38 (data not shown) showed extensive colocalization with these Golgi markers, suggesting that BODIPY-LacCer accumulated predominantly at the Golgi apparatus. To further characterize LacCer transport to the Golgi, we used nocodazole (a microtubuledepolymerizing agent) and wortmannin (a PI3K inhibitor), which have previously been used to characterize differences in trafficking of furin and TGN38 from the PM to the Golgi apparatus (35) . HSFs were treated with nocodazole or wortmannin and pulselabeled with 2.5 µM BODIPY-LacCer. Both treatments blocked transport of BODIPY-LacCer to the Golgi (Figure 1b) . Similar results to those shown for wortmannin were also obtained using another PI3K inhibitor, LY294002 ( Figure 1 , legend). Control experiments using BODIPY-Cer, a vital stain for the Golgi apparatus (33) , indicated that the overall Golgi morphology was not affected by nocodazole, wortmannin (Figure 1b ), or LY294002 (data not shown). These results suggest that, similar to furin, the transport of BODIPY-LacCer to the Golgi apparatus requires the activity of PI3Ks and that its transport occurs via microtubules.
Biochemical and functional evaluation of DsRed-and EGFPRab fusion proteins. We generated WT and DN constructs of Rab7, Rab9, and Rab11 in pDsRed1-C1 and pEGFP-C1 vectors (see Methods) and expressed them in HSFs or HeLa cells for 24-48 hours. Strong overexpression (∼20-to 30-fold compared with endogenous Rab's after correction for transfection efficiency; data not shown) was observed. Cell lysates were prepared from transfected HSFs and analyzed by SDS-PAGE followed by GTP overlay and immunoblotting. As expected, the DN Rab's showed no GTP binding, while the WT forms efficiently bound GTP (Figure 2a ). Equivalent sample loading and expression of all the Rab fusion proteins was confirmed by immunoblotting using native Rab antibodies (Figure 2a ) or anti-DsRed or anti-EGFP antibodies (data not shown).
We also evaluated the effect of WT and DN forms of Rab7 and Rab11, which were produced as DsRed or EGFP fusion proteins, on membrane transport through different endocytic compartments. To study the effect of the Rab7 constructs on trafficking from early to late endosomes and lysosomes, we monitored the degradation of radiolabeled EGF. HeLa cells were transfected with the indicated fluorescent Rab fusion protein construct, and 48 hours later they were incubated for 10 minutes at 37°C with [ 125 I]EGF to load the early endosomes. The samples were then washed and incubated for 30 minutes at 37°C, and the TCA-soluble material (an indicator of EGF degradation) was quantified. As shown in Figure 2b , approximately 50% of the total cellassociated EGF was degraded in mock-transfected cells and cells transfected with WT DsRed-or EGFP-Rab7, while in cells overexpressing the corresponding DN Rab7 fusion proteins, degradation was reduced to about 25% of the total cell-associated EGF.
To study the effect of DsRed1-Rab11 WT and mutant proteins on recycling, we examined the intracellular distribution of endocytosed Tfn in HeLa cells overexpressing these proteins. In these experiments, cells were incubated with fluorescent Tfn for 45 minutes at 37°C. As expected, there was significant colocalization of the internalized Tfn with WT DsRed-Rab11-positive compartments (Figure 2c ). In cells overexpressing DN DsRed-Rab11, Tfn was restricted to extended tubular structures (Figure 2c) . A similar effect on Tfn distribution has previously been reported using an untagged Rab11S25N mutant (36) . Results similar to those shown in Figure 2c were obtained using WT EGFP-Rab11 versus DN EGFP-Rab11 constructs (data not shown).
BODIPY-LacCer transport to the Golgi apparatus is Rab7-and Rab9-dependent. We first examined the effect of the DN Rab7 mutant on BODIPY-LacCer targeting in normal HSFs. Cells were transiently transfected with constructs for DsRed-Rab7 (DN or WT), and 48 hours later they were pulse-labeled with BODIPY-LacCer to evaluate transport to the Golgi apparatus. As previously reported (37, 38) , cells expressing WT constructs of the Rab fusion proteins showed fluorescent vesicles that were present throughout the cytoplasm, whereas cells expressing the DN constructs exhibited diffuse fluorescence with little apparent concentration on vesicular structures (see Figure 2c , Figure 3 , and Figure  4 ). In cells expressing the WT Rab7 construct, trafficking of BODIPY-LacCer to the Gol gi was not inhibited (data not shown). In contrast, LacCer targeting to the Golgi was blocked in cells overexpressing the DN Rab7 construct (Figure 3a , top panels), although LacCer was targeted to the Golgi apparatus in untransfected cells on the same coverslip (data not shown). Inhibition of LacCer targeting to the Golgi by DN Rab7 was also seen after microinjection of similar constructs lacking the DsRed1 tag (data not shown).
We next examined the role of Rab9 in LacCer trafficking. As shown in Figure 3a (middle panels), DN Rab9 also blocked BODIPY-LacCer targeting to the Golgi. In control experiments we used BODIPY-Cer as a vital stain for the Golgi apparatus (33) and confirmed that Golgi morphology was not altered in cells transfected with DN Rab7 or Rab9 (Figure 3a, insets) . Thus, DN Rab7 and Rab9 disrupted Golgi targeting of the LacCer analogue, but not the organization of this organelle. To identify other potential trafficking pathways (e.g., transport from the recycling compartment to the Golgi), HSFs were transfected with plasmids expressing the DN Rab11 fusion protein; however, no difference in LacCer trafficking was observed between transfected ( Figure 3a , bottom panels) and untransfected cells (Figure 1) . The results shown in Figure 3a 
Overexpression of Rab7 and Rab9 in NP-C cells restores BO-DIPY-LacCer and fluorescent CtxB trafficking to the Golgi apparatus.
We previously demonstrated that BODIPY-LacCer is mistargeted to endosomes and lysosomes, rather than the Golgi apparatus in SLSD fibroblasts as a consequence of their high levels of intracellular cholesterol (24, 26) . Furthermore, NP-C fibroblasts are reported to exhibit a severe reduction in vesicular traffic through late endosomes (32, 39, 40) . To determine whether overexpression of certain Rab proteins could stimulate transport through this endosomal compartment, NP-C fibroblasts were transfected with WT Rab7, Rab9, or Rab11 constructs and then pulse-labeled with fluorescent LacCer. NP-C cells transfected with the WT Rab7 or Rab9 plasmids showed significantly greater transport of BODIPYLacCer to the Golgi apparatus (Figure 4a We also studied the internalization and subsequent intracellular targeting of Rh-CtxB in NP-C fibroblasts. CtxB binds to endogenous GM 1 ganglioside at the cell surface, is internalized via caveolae (12), and is subsequently targeted to the Golgi complex of normal HSFs or to endosomal structures in SLSD cell types (11, 41) . In untransfected NP-C cells, Rh-CtxB was targeted to punctate cytoplasmic structures (Figure 4b and since normal Golgi targeting was restored by overexpression of WT Rab7 or Rab9, we next investigated the effect of overexpressing these Rab proteins on the accumulation of intracellular cholesterol. NP-C fibrosblasts were transfected with the WT constructs of EGFP-Rab7, -Rab9, or -Rab11, cultured for 48 hours, and then stained for intracellular cholesterol using filipin (32) . Cells transfected with WT Rab7 or Rab9 constructs showed dramatically reduced filipin staining compared with untransfected cells or with cells overexpressing WT Rab11 (Figure 5a ). DN constructs of Rab7 or Rab9 also had little or no effect on filipin staining (data not shown). Quantitative analysis showed that filipin fluorescence was consistently reduced more than 50% in cells transfected with the WT Rab7 or Rab9 constructs compared with adjacent untransfected cells in the same field (n = 50 for each condition). Overexpression of WT EGFP-Rab11 fusion protein showed less than 10% difference in filipin staining compared with untransfected cells. Similar results were observed when WT DsRed-Rab constructs were used instead of EGFPtagged constructs (data not shown).
We also examined the intracellular distribution of the NPC1 protein (32) before and after overexpression of WT Rab7, Rab9, and Rab11; there were no obvious changes in either the distribution of NPC1 or the intensity of NPC1 immunofluorescence in transfected versus untransfected NP-C cells for any of the Rab proteins (data not shown). Finally, we used Nile Red in NP-C cells overexpressing WT Rab constructs to stain for cholesterol esters and other neutral lipids. Cells transfected with WT Rab7 or Rab9 showed an almost twofold increase in Nile Red fluorescence, whereas no such effect was seen using the WT Rab11 construct ( Figure 6 ).
Discussion
We have previously shown that GSLs are internalized from the PM of HSFs via a caveola-related mechanism
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The (11) and are subsequently targeted to the Golgi complex of normal HSFs. This Golgi targeting is disrupted in SLSD cells (including NP-C fibroblasts), leading to accumulation of the internalized lipid in endosomes and lysosomes (23, 24, 26) as a consequence of high levels of intracellular cholesterol (24, 26) . In the present study, we further examined the intracellular transport of GSLs and showed that Golgi targeting of BODIPYLacCer analogue was microtubule-dependent, PI3K-sensitive, and dependent on Rab7 and Rab9 (but not Rab11). Importantly, we also demonstrated that overexpression of WT constructs of Rab7 or Rab9 (but not Rab11) in NP-C fibroblasts (a) restored Golgi targeting of BODIPY-LacCer and endogenous PM GM 1 ganglioside; (b) dramatically reduced the intracellular accumulation of cholesterol; and (c) increased the accumulation of cholesterol esters and/or other neutral lipids.
Itineraries of GSLs following endocytosis from the PM. Following their internalization via caveolae, GSLs are transported to the Golgi apparatus by a process that is blocked by high levels of intracellular cholesterol (26) . Transport of the LacCer analogue to the Golgi apparatus was inhibited by wortmannin, LY294002, and nocodazole ( Figure  1 ), suggesting that targeting of this GSL to the Golgi apparatus was dependent on both PI3K activity and microtubules. In the case of GSL transport to the Golgi, it is not yet known whether high cholesterol, nocodazole, and the PI3K inhibitors block transport from early to late endosomes or from late endosomes to the Golgi. In the present study, we also showed that fluorescent LacCer transport to the Golgi is inhibited in cells expressing DN constructs of Rab7 (Figure 3a) , a Rab protein required for transport between early and late endosomes and between late endosomes and lysosomes. Thus, it is likely that the fluorescent GSL analogue passes through late endosomes en route to the Golgi. At present we cannot exclude the possibility that the GSLs first travel from late endosomes to lysosomes (also a Rab7-dependent step), followed by retrograde movement back to late endosomes en route to the Golgi. However, in preliminary experiments, we found less than 20% colocalization between lysosomal markers (e.g., fluorescent dextrans or LysoTracker dyes; Molecular Probes Inc., Eugene, Oregon, USA) and BODIPY-LacCer (internalized for periods up to 60 minutes), suggesting that this is an unlikely possibility. Vesicular transport of mannose 6-phosphate receptors from late endosomes to the Golgi apparatus is known to be Rab9-dependent (42) , and in the present study a DN construct of this Rab protein also blocked Golgi targeting of BODIPY-LacCer (Figure 3a) , suggesting transport along the same pathway. Finally, we note that expression of a Rab11 DN mutant, a protein that in the WT is thought to play a role in recycling endosome-to-PM and possibly recycling endosome-to-Golgi trafficking (36, 43, 44) , did not affect LacCer targeting to the Golgi. This rules out these pathways for LacCer transport to the Golgi complex and also demonstrates that our results with DN Rab7 and Rab9 are not a general effect of Rab overexpression.
Overexpression of WT Rab7 or Rab9 restores normal SL targeting and reduces accumulation of cholesterol in NP-C fibroblasts. As mentioned above, the Golgi targeting of SLs internalized by the caveolar mechanism is inhibited in SLSD fibroblasts (11) . This perturbation in SL trafficking in SLSD cells compared with normal HSFs was shown to be due to the elevation of intracellular cholesterol, since inhibition of BODIPY-LacCer trafficking to the Golgi apparatus is also observed in normal skin fibroblasts overloaded with cholesterol, and normal targeting is restored in SLSD cells when they are depleted of cholesterol (24, 26) . In NP-C fibroblasts, cholesterol and SLs accumulate in late endosomes and lysosomes (32, 40, 41) as a result of a defect in the NPC1 or NPC2 protein (22) . In addition, the movement of NPC1-containing late endosomes is dramatically impaired in NP-C fibroblasts (39, 45) . Transfection of NP-C cells with WT Rab7 or Rab9 expression plasmids restored transport of BODIPY-LacCer and CtxB (a marker for endogenous GM 1 ganglioside) from the PM to the Golgi apparatus (Figure 4) , dramatically reduced the accumulation of intracellular cholesterol ( Figure 5 ), and significantly increased Nile Red staining, presumably reflecting increased levels of neutral lipids, including cholesterol esters ( Figure 6 ).
One potential mechanism by which WT Rab7 or Rab9 overexpression might restore normal SL targeting and reduce cellular cholesterol involves the modulation of endosomal lipid composition. It has been suggested that the lipid composition of the endosomal membrane is critical for the sorting of materials into vesicles destined for later transport to the lysosomes versus the Golgi apparatus (46) (47) (48) (49) . Lipid "fluidity" may also play a role in lipid sorting along the endocytic pathway (50) . Thus, high concentrations of cholesterol and SLs that accumulate in the endosomes of NP-C cells could perturb endosomal sorting and reduce the amount of SL that can be transported to the Golgi (26, 49) . Overexpression of WT Rab7 may increase the transport of cholesterol from endosomal structures, either to the endoplasmic reticulum where esterification can occur (see Figure 6 ) and/or to the PM where cholesterol can be effluxed from the cell. Either of these mechanisms could reduce intracellular free cholesterol and thus restore proper targeting. Interestingly, one recent report demonstrated that overexpression of WT Rab7 in B cells stimulates the rate of antigen presentation with MHC class II molecules (51), consistent with the notion that overexpression of WT Rab proteins can promote transport along the endosomal pathway.
In contrast, another recent paper showed that overexpression of WT Rab7 decreases endosome motility (52) , in apparent conflict with our present results. However, it is important to emphasize that endosome motility, as assessed by video microscopy, may not correlate with clearance of cholesterol from endosomes. Furthermore, WT Rab7 overexpression may stimulate cholesterol efflux from a subset of late endosomes that is not visualized in the endosome motility assay used.
Another potential mechanism by which overexpression of WT Rab proteins may correct lipid trafficking defects involves cholesterol interactions with Rab-GTPases or Rab-associated proteins. In this scheme, high levels of cellular cholesterol might (a) alter the distribution of Rab proteins; (b) affect a critical posttranslational modification (e.g., prenylation) of the Rab proteins required for optimal activity; or (c) affect the state of activation (e.g., GDP-vs. GTP-bound) of the Rab protein. In this context it is interesting to note that in NP-C fibroblasts, there is a defect in MPR recycling from late endosomes to the TGN, a process that is dependent on Rab9 (46). Furthermore, cholesterol accumulation interferes selectively with Rab7 extraction from membranes by a Rab effector protein, Rab-GDI, that extracts the membrane-bound Rab-GDP from vesicle membranes (52) . Finally, since cholesterol synthesis and Rab prenylation use the same isoprene precursor, it has been suggested that alterations in cholesterol homeostasis could affect Rab functions (53) . Together, these observations suggest a potential link between cellular cholesterol and Rab protein activity and/or distribution. Thus, it seems reasonable to suggest that the GSL targeting defect studied in the present paper may be caused by a deficit of properly targeted or GTP-charged Rab's. Overexpression of WT Rab7 or Rab9 may provide sufficient levels of active Rab's to overcome this defect.
Therapeutic implications. Most strategies for treating SLSDs deal either with enhancing degradation of the stored lipids, e.g., by gene therapy or enzyme replacement therapy (54), or by "substrate deprivation" (55) (56) (57) (58) . In the latter, GSL synthesis is reduced by inhibition of glucosylceramide synthase, a key enzyme in the biosynthesis of higher-order GSLs. The encouraging but relatively limited success of studies using one such inhibitor (NB-DNJ or OGT-918) to treat animal models of NP-C disease (59) suggests that additional strategies should be considered.
In the present study we present a novel alternative in which vesicle trafficking and sorting along the endocytic pathway are modulated by overexpression of Rab proteins, thereby promoting the clearance of stored lipids in NP-C fibroblasts. To explore the potential of these findings for treatment of NP-C disease however, it will be important to learn whether the principles established for fibroblasts extend to NP-C neurons, since this would be the most important class of cells to target in any treatment of the disease. We are also exploring various methods for optimizing the efficiency of the correction reported here, including protein transduction (60) (61) (62) and adenoviral transformation with Rab constructs. These approaches have potential value for treating cells of the central nervous system (62, 63) .
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